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Unique green measurements were obtained from 50 females and 50 males under eight different
experimental conditions. Combinations of two different test sizes (0.25 and 1.0 deg) and four
different background fields (none, 62.5, 250, and 1000 td) comprised the experimental conditions
under which unique green measurements were made. Group and gender frequency distributions of
the unique green loci were examined for the eight experimental conditions. Differences in the shape
of the frequency distributions were noted for the different test sizes and backgrounds as well as for
gender, but none of the experimental parameters appeared to elicit a statistically significant
bimodal distribution. Copyright 01997 Elsevier Science Ltd
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THE BIMODALITYOF UNIQUE GREEN REVISITED
In this century, data from several studies have shown a
bimodal distribution of unique green loci (e.g., Dimmick
& Hubbard, 1939; Rubin, 1961; Jacobs & Wascher,
1967; Richards, 1967; Waaler, 1967a, b; Cobb, 1975),
while other data have indicated a unimodal distribution
(e.g., Hurvich et al., 1968; Kalmus & Case, 1972;
Schefrin & Werner, 1990; Abramov et al., 1994; Jordan
& Mellon, 1995). Dimmick & Hubbard (1939), however,
did not report that their data from ten observers formed
two distinct groups of unique green loci. Rather, the
emphasis of their study was to quantify the meaning of a
unique hue, as distinguished from a fundamental or
primary color, and to establish a standardized procedure
for measuring unique hues. It was not until later that
Talbot (1952) noted the bimodality of Dimmick and
Hubbard’s unique green measures, showing one group of
observers with unique green loci <520 nm and another
with unique green loci >520 nm.
Since that time, other investigators have more system-
atically analyzed their data for the underlying distribution
of unique green loci while studying the genetics of color
vision (Waaler, 1967a, b; Kalmus & Case, 1972; Metz &
Balliet, 1973; Cobb, 1975; Jordan& Mellon, 1995), color
vision deficiencies (Rubin, 1961), classes of color
normals (Richards, 1966, 1967), the Bezold–Briicke
effect (Jacobs & Wascher, 1967), and aging (Schefrin
& Werner, 1990). Only one study (Hurvich et al., 1968)
to date has directly tackled the issue of the distribution of
unique green loci and attempted to explain why data from
so’mestudies show a bimodal distribution while other
data appear unimodally distributed.
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Hurvich et al. (1968) suggested that the differences in
the distributions of unique green loci could be explained
by the different experimental conditions used by the
different investigators. Table 1 provides a summary of
the experimental conditions employed in several studies
and also indicates the outcome of these studies by noting
the mean unique green loci for one group (unimodal
distribution), two groups (bimodal distribution), or three
groups (trimodal distribution). One distinguishing feature
among the studies is that some used room illumination
andlor achromatic backgrounds during testing, while
others presented the stimulus under conditions of dark
adaptation. Hurvich et al. (1968) demonstrated that an
achromatic field caused 50% of their observers’ unique
green loci to shift by more than 5 nm to shorter or longer
wavelengths. They concluded that this field was respons-
ible for creating a bimodal distribution of unique green
loci. Unfortunately, Hurvich et al. only reported unique
green shifts and did notshow that their observers’ unique
green loci measured with an achromatic background
indeed formed a bimodal distribution. Table 1 indicates
that the studies reporting a bimodal distribution em-
ployed some type of light adaptation, except possibly
Waaler (1967a,b), who was rather vague about his
experimental conditions. Other than Kalrnus & Case
(1972), most studies reporting a unimodal distribution
presented the test stimulus with no background and in a
dark room.
Following from these observations, Ingling (1977)
proposed that a bimodal distribution of unique green loci
is the result of an achromatic adapting field. In particular,
as the intensity of the adapting field increases, the
transition from a unimodal distribution to a bimodal
distribution should be observed. The reason for thii,
transformation is that the group with longer unique greeri
loci (>520 nm) shows a change ‘in cone input into the”
yellowlblue (Y/B) opponent syi{ern-either the midd16-
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TABLE1.Uniquegreenstudies
Study Teststimulus Otherstimulusconditions Meanuniquegreenloci
Cobb(1975) Semicircle:3 deg Roomillumination:<11 lx Males
Group1:509nm*
Group2: 527.5nm*
Females
Group:509nm’
DimmickA Hubbard(1939) 798photonsat 515nm Roomillumination:500W
Ivanhoe-NorthLightlamp
Group1:500nm
Group2: 526nm
Hurvichet al. (1968) Circle:44’ Background:23deg
7.5ml at 500nm 6500K, 1.25ml
Not reported
Group:503nm0.80 x 1.30deg, 1–3sec None
25ml
Jacobs& Wascher(1967) Circle:3 deg,300msec Background:3 deg
320or 3200td
320 td
Grouu1:513nm
Grou~2: 525.5nm
3200td
Group1:510nm
Group2: 511nm
Jordan8LMellon(1995)
Kalmus& Case**(1972)
Annulus:2.9degid.,
9.6dego.d.,2 see,20td
None Group:511nm
Males
Group:516nm*
Females
Group:518nm’
Circle:1deg36’
Max.100cd/m2
Background:2600K
8.5cd/m2
Roomillumination:2600K, 13.7cd/m2
Background:9 deg
2500K,3 cd/m2
Background:6 deg,
6500K, 10ml
None
Group1:511nm*
Group2: 531nm*
Richards(1967)
Rubirr(1961)
Schefrin&Werner(1990)
Waaler(1967a,b)
Circle:4 deg,2-3 sec
75cd/m2
Group1:514nm
Group2: 525nm
Semicircle:3 deg
10ml
Group:508nmCircle:0.95deg,1sec
2.2cd/m2
MalesSemicircle:Nagel Anomaloscope Not specified
Group 1: 515 nm
Group 2: 525 nm
Femrdes
Group 1: 515 nm
Group 2: 520 nm
Group 3: 525 nm
*Values estimated from data reported in the figures.
**Resultsfrom the first study at The City Universityof London.
large stimulus. Again, the exception is the Kalmus &
Case (1972) study which presented a stimulus less than
2 deg under conditions of light adaptation and reported a
unimodal distribution of unique green loci.
While not directly addressing the issue of the
bimodality of unique green, others (Richards, 1966,
1967;Drum, 1989; Abramov et al., 1993) have suggested
that decreasing the size of the test stimulus causes unique
green to shift to longer wavelengths. Richards (1966,
1967) has further qualified this statement by predicting
that approximately half of the observerswill display this
shift but only if the test stimulus is less than 0.5 deg.
Similarly, results of Nerger et al. (1995) suggest that a
smaller test size (1.0 deg vs 0.25 deg) may further
magnify the differences between those showing shorter
unique green Ioci and those displaying longer unique
green loci. Although it has not been systematically
wavelength-sensitive (M) cones begin to inhibit the
yellow process in the presence of an adapting field
(Ingling, 1977) or the M cones combine with the short-
wavelength-sensitive (S) cones to “excite” the blue
process in the presence of an adapting field (Richards,
1967). In either case, the outcome is a shift of unique
green to longerwavelengthsand the creationof a bimodal
distribution of unique green, revealing the presence of
two different classes of observers.
Another factor differing among the studies (see Table
1) is the size and the shape of the test stimulus.Until the
Jordan & Mellon (1995) study, which used a relatively
large test armulus,a stimulus less than 2 deg produced a
unimodal distribution of unique green Ioci while a
stimulusgreater than 2 deg produced a bimodal distribu-
tion (Cobb, 1975). In many cases, the size of the test
stimulus and light adaptationwere confoundedsuch that
studiesusing some method of light adaptationalso used a
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investigated, it appears that test size may possibly be a
contributing factor to the b.imodality of unique green.
Lastly, some of the studies (e.g., Richards, 1967;
Waaler, 1967a,b; Kalmus & ‘Case, 1972; Cobb, 1975)
have examined the effects of gender differences on the
distribution of unique green loci. Two of the studies in
Table 1 reported a gender difference (Cobb, 1975;
Waaler, 1967a,b) while Richards (1967) and Kalmus &
Case (1972) showed no difference between males and
females. Both Waaler (1967a,b)and Cobb (1975)found a
bimodal distribution of unique green loci for males but
differed in their findings for females; Cobb reported a
unimodal distributionwhile Waaler reported a trimodal
distributionof unique green loci. Thus, it is conceivable
that unique green frequency distributionswhich combine
data from both males and females may obscure under-
lying gender differences.
In general, it appears that several factors may
contribute to the bimodality of unique green loci. This
study investigated the influence of achromatic back-
grounds (none, 62.5, 250, 1000 td), test size (0.25,
1.0 deg), and gender on the distributionof unique green
loci as well as possible interactions among all three
factors. Followingfrom Hurvich et al. (1968),but unlike
many of the other studies (e.g., Dimmick & Hubbard,
1939; Jacobs & Wascher, 1967; Rubin, 1961; Richards,
1967; Kalmus & Case, 1972; Cobb, 1975; Schefrin &
Werner, 1990;Jordan & Mellon, 1995),uniquegreen loci
were measured under both dark and light adaptation
conditionsin the same observers. Previous research (see
Table 1) has indicated that backgroundsare more likely
to elicit a bimodal distributicmof unique green than a
unimodal distribution.Backgroundsfor the light adapta-
tion conditionswere intentionallychosento increasewith
intensity, while the test stimulus remained at a constant
illuminance so that Ingling’s (1977)prediction about the
role of achromatic backgrounds on unique green loci
could be examined. The sizes of the test stimuli were
chosen to be 1.0 deg or less to eliminate the confoundof
previous research (see Table 1) which often used larger
stimuli (>2 deg) and achromaticbackgroundsat the same
time. The 0.25 deg field provided a means to assess
whether unique green loci shifted to longer wavelengths
with a test stimulus smaller than 0.5 deg and subse-
quentlygenerated a bimodal distributionof unique green
loci.
Following from the work summarized in Table 1, it
mightbe expected that uniquegreen loci measuredwith a
1.0 deg stimulus and no background would show a
unimodal distribution for both males and fernales. The
additionof a backgroundwith increasingintensityand/or
a smaller stimulus would gradually produce a bimodal
distributionof unique green loci.
METHOD
Observers
Fifty males and fifty females participated in this
experimentafter giving informed consent.The mean age
of the maleswas 21.63yr (range: 18–31yr), and the mean
age of the females was 21.53 yr (range: 17–36 yr). All
observers had normal color vision as assessed by
anomaloscopic matches (Neitz OT-11 Anomaloscope)
and the F-2 tritan plate.
Stimulus
Stimuliwere foveallypresentedto the righteye of each
observer. The circular, monochromatic test stimuli
subtended either 0.25 or 1.0 deg in visual angle and
were presented for 1 sec at 250 td with an interstimulus
interval of 7 sec. The test stimuli were centered between
four, pin-size, broadband (5500 K) fixation points ar-
ranged as verticesof a square.The vertical and horizontal
distance between the fixation points subtended 3 deg of
visual angle. For some experimental conditions, a
broadband (5500 K) background was employed. The
circular background field subtended 9.4 deg of visual
angle. The intensity of the backgroundwas set at one of
three levels: 62.5 td (one-fourth as intense as the test
stimulus),250 td (the same intensityas the test stimulus),
or 1000 td (four times as intenseas the test stimulus).The
test stimulus and fixation points were superimposed on
the backgroundwhen the backgroundfield was used. For
all conditions, the intensity level of the fixation points
was set at the lowestilluminancelevelpossibleso as to be
just visible to the observer.
Apparatus
Three channels of a conventional four-channel Max-
wellian-view system were used to generate the test and
background stimuli. The common light source for all
channelswas a 300 W (5500 K) xenon lamp regulatedby
a d.c. power supply (Oriel model 68811)at 290 W. Light
leaving the two ports of the lamp housingpassed through
collimating lenses and infrared filters. Beamsplitters
divided each of these beams to create four channels. In
the test stimulus channel (Channel 1), a series of
collimating and focussing lenses imaged the light onto
the entranceslit Ma gratingmonochromator(instruments
SA; 4 nm half-bandpass).Channel2 created a broadband
(5500 K) backgroundfieldwhile Channel3 generatedthe
fixationpoints. Field stops placed in collimated portions
of each channel defined the shape and size of the test
stimuli, backgroundfields, and fixationpoints. A neutral
density wedge and neutral density filters controlled the
illuminance in Channel 1, while neutral density filters
were used in Channels2 and 3. A beamsplittercombined
Channels 1 and 2; a finalbeamsplittercombined all three
channels into a common path. This final beam was
focussed with a lens onto the plane of the observer’s
pupil. The final image size, as defined by an artificial
pupil, was less then 2 mm in diameter.
All lenses were achromats and mirrors were front-
surfaced. Neutral density wedge position was controlled
by a d.c. mot.prwith a linear, digital read-out system.:The
temporal duration of the test st.himliwas controlled by a
shutter (lJniblitz].,,@aced at a focal point in Channel 1.
The observer’s head was stabilized by a dental-
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impression bite-bar apparatus that permitted movement
in three orthogonal directions. An auxiliary channel
permitted the experimenter to align the center of the
observer’s pupil to the optical axis of the Maxwellian-
view system.
Calibrations
Radiometric measures were made with an EG&G
Gamma Scientific radiometer (DR-1500A).Photometric
measures for the background and at one reference point,
550 nm, were made with a Minoltaphotometer(CS-1OO).
Retinal illuminanceswere calculatedusingWestheimer’s
(1966) method. The neutral density wedge and neutral
density filters were calibrated from 400 to 700 nm in
10 nm steps. The monochromator was calibrated at
632.8 nm using a helium–neon laser (Spectra Physics).
Procedure
Test sessions commenced with 10min of dark
adaptation.Followingadaptation,uniquegreen measure-
ments were made for the different test sizes (0.25 and
1.0 deg) and background conditions (no background,
62.5, 250, 1000 td). For measurements made with a
background, observers adapted to the background for
3 min before observing any of the test stimuli super-
imposed on it. For each condition, test stimuli were
presented from two interleaved staircases. Observers
viewed the test stimulus on each trial and responded
whether the stimulusappeared bluish or yellowish.If the
observer could not make a response after one trial, the
stimuluswas repeated after a 7 sec interstimulusinterval
until the observer made a response.Most observerswere
able to make a judgment after one trial.
Initial step size of the two staircases was chosen to
ensure observers clearly saw a bluish green and a
yellowishgreen. With each reversal in the staircase, step
size was gradually reduced until reaching the smallest
step size of 2 or 4 nm. Sincemany of the observershad no
previous experience with psychophysical experiments,
the 4 nm step size provided more consistent responses.
Four responsereversalswere obtainedat the smalleststep
size, and the mean of these four reversals defined the
locus of unique green.
Two sessions varying in length from 1 to 2 hr were
required to obtain unique green measurements for each
test and background condition. In the initial test session
unique green measurementswere first obtained in the no
background conditions for each observer with the order
of the test size being random. These measurementswere
followed by measurements in one of the background
conditionsfor the two test sizes.The intensitylevel of the
background was randomly selected and the order of test
sizeswas randomizedacrossobservers.In the secondtest
session measurements were made at the two remaining
background intensity levels; the lowest intensity back-
ground was presented first followed by the higher
intensity background. The order of the test sizes was
again randomized for each batikgroundcondition.
RESULTS
Frequency distributions
Following from previous studies (e.g.., Rubin, 196
Richards, 1967; Hurvich et al., 1968; filmus & Case,
1972; Cobb, 1975; Schefrin & Werner, 1990; Jordan &
Mellon, 1995), the data from the four background
conditions and the two test sizes are summarized as
frequency distributions in Figs 1 and 2. Each figure
represents a different test size, and the four frequency
distributionswithin a figure show the results from each
backgroundcondition at that test size. The data from the
females and males have been combined in these figures.
The data within these figures were further analyzed to
determine the shape of the underlying unique green loci
distributions. Table 2 presents central tendency and
dispersionmeasures,and Table 3 lists the resultsfrom the
statistical analyses for normality and bimodality.
In Table 2 both the median and mean for each
distribution are presented. The more the mean and
median values deviate from each other, the more the
underlyingdistributionof unique green loci deviate from
a normal distribution.For all background conditions,the
median value is less than the mean value, indicating at
first glance that all of the distributions are positively
skewed (Hays, 1988). The measures of dispersion for
both the median (25% and 75% quartiles) and the mean
(standard deviation) further suggest that, in general, as
background intensity increases, variability in unique
green values also increases. Figures 1 and 2 support this
conclusionin that the distributionof unique green loci at
the higher background intensities is more evenly
distributed across several wavelengths, rather than
concentrated at a few wavelengths. Lastly, the 25% and
75% quartilevalues are not symmetric about the median
indicating the underlying distribution is not symmetric.
Thus, the general conclusion from these findings is that
none of the distributions are normal distributions; and
consequently,it is possiblethat the data are not unimodal,
but perhaps bimodal.
Several statisticaltests (see Table 3) were employed to
explore more formally the issue of a normal vs a non-
normaldistributionof uniquegreen loci.The firstof these
tests was the Shapiro & Wilk (1965) omnibus test (W-
test) for normality.This particular test was selected over
the Kolmogorov–Smimovone-sample test and the chi-
square goodness-of-fittest because (1) the W-testdid not
require derivationof a theoreticalnormal distributionfor
comparison; and (2) it has been shown to be more
sensitive and more powerful than the other two tests
(Shapiro et al., 1968). The results from the W-test
indicate that all but one frequency distribution is not
normal.
The third moment about the mean, /bl, tested the
skewness of the distributions (Snedecor & Cochran,
1980;Glass& Hopkins,1984).A value of Oindicatesthat
the distribution is normal, while a value greater than O
suggeststhe distributionis positivelyskewed,and a value
less than Osuggeststhe distributionis negativelyskewed.
As Table 3 reveals, all of the distributions are
(a)
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No background
0.25 deg-
Uniquegreen (rim)
250 td
0.25 deg
Uniquegreen (rim)
(d)
62.5 td
0.25 deg
Uniquegreen (rim)
1000td
0.25 deg
Uniquegreen (rim)
FIGURE1. Frequencyis plotted as a functionof the uniquegreen locus for the 0.25 deg test stimulusacross gender.Each panel
presents data from a different backgroundcondition.Arrows indicate the location of the dips used in the dip intensity analysis.
TABLE 2. Central tendency and dispersionmeasures
Test 25% 75% Standard
Backgroundcondition size Median Quartile Quartile Mean deviation
None 0.25 deg 518.50 512.00 528.00 520.22 12.97
1.00deg 514.00 510.00 524.75 517.37 11.78
62.5 td 0.25 deg 518.00 512.00 531.75 521.29 13.04
1.00deg 518.00 510.00 525.00 519.51 12.52
250 td 0.25 deg 520.50 512.00 534.00 522.91 13.92
1.00deg 519.50 511.00 531.75 521.88 13.47
1000 td 0.25 deg 520.50 510.00 536.75 523.14 17.00
1.00deg 516.50 507.00 532.00 519.78 15.57
significantlyskewed in the positive direction, supporting Distributions of unique green loci measured with a
the descriptivedata from Table 2. 0.25 deg test on the backgrounds became significantly
The perceived flattening of the distributions with flatter as compared to the “no background” condition.
increasing background intensity was statistically tested The same was also true for the 1.0 deg test with the
using Geary’s ‘a’ criterion (Geary, 1936; D’Agostino, 1000td background.
1970). Several tests, therefore, suggest that the unique green
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No background r
1.0deg
Uniquegreen (rim)
(c)
62.5 td
1.0deg
Unique green (rim)
(d)
250 td
1.0deg
15
t
Uniquegreen (rim)
1000td
1.0 deg
Uniquegreen (rim)
FIGURE2. Frequencyis plotted as a functionof the uniquegreen locus for the 1.0deg test stimulusacross gender.Each panel
presents data from a different backgroundcondition.Arrows indicate the location of the dip used in the dip intensity analysis.
T+LE 3. Test results for normality and bimodality
Dip
Backgroundcondition Test size W-Test Jbl Geary a intensity
None 0.25 deg 0.965 0.49” 0.795 1.30
1.00deg 0.934”” 0.75** 0.802
62.5 td
2.03
0.25 deg 0.939” 0.66** 0.838” 1.68
1.00deg 0.941”” 0.90’” 0.776 --
250 td 0.25 deg 0.957” 0.40” 0.841” 1.52
1.00deg 0.955”” 0.41” 0.828 1.52
1000td 0.25 deg 0.940** 0.42* 0.847”” 1.75
1.00deg 0.931”” 0.53” 0.849”’ 1.55
*P < 0.05; **P<0.01.
loci are not normally distributedabout the sample mean. 1995; Neitz & Jacobs, 1990) was used to investigate
A contributingfactor maybe that the distributionsare not whether any of the distributions were bimodal. The
unimodal, but bimodal, and this bimodality may be arrows in Figs 1 and 2 indicate the surmised dip for the
causing the skewness as well as the platykurtosis.A dip frequency distributions.The lack of an arrow indicates
intensity test (Giacomelli et al., 1971;Jordan & Mellon, that there is no distinctdip for that distribution.As shown
THE BIOMODALITYOF UNIQUE GREENREVISITED 413
TABLE 4. Central tendency and dispersionmeasures accordirrgto gender
Background 25% 75%
Gender
Standard
condition Test size Median Quartile Quartile Mean deviation
Female None
62.5 td
250 td
1000td
None
62.5 td
250 td
1000td
Male
0.25deg
1.00deg
0.25 deg
1.00deg
0.25 deg
LOOdeg
0.25 deg
1.00deg
0.25 deg
1.00deg
0.25 deg
1.00deg
0.25 deg
1.00deg
0.25 deg
1.00deg
515.50
512.00
515.00
515.50
517.00
517.50
513.00
513.00
520.00
517.00
520.50
519.50
525.00
522.50
525.50
518.00
510.00
508.75
510.00
508.00
508.75
509.00
508.00
504.00
513.75
511.00
513.QO
511.75
515.75
514J30
512.75
510.00
525.50
523.25
527.25
524.25
534.00
531.50
532.50
531.25
532.25
529.25
533.25
526.25
534.50
532.00
538.00
533.25
517.52
515.54
519.30
518.36
520.64
521.36
520.70
518.30
522.92
519.20
523.28
520.66
525.18
522.40
525.58
521.26
12.22
11.25
13.60
13.85
14.73
14.90
18.22
17.32
13.25
12.13
12.26
11.06
12.80
11.99
15.49
13.60
TABLE 5. Test results for normality and bimodality accordingto gender
Background Dip
Gender condition Test size W-Test ~bl Geary a intensity
Male
Female None 0.25 deg 0.976 0.49 0.779 1.66
1.00deg 0.920”’ 0.87”” 0.800
62.5 td 0.25 deg 0.923** 0.94”’ 0.798 2.38
1.00deg 0.904”” 1.17** 0.763 ---
250 td 0.25 deg 0.932’” 0.72* 0.818 2.36
1.00deg 0.922’” 0.64” 0.835 2.10
1000td 0.25 deg 0.912** 0.64” 0.841 1.86
1.00deg 0.899** 0.67’ 0.857” -.
None 0.25 deg 0.957 0.44 0.829 ----
1.00deg 0.942” 0.62” 0.801 2.40
62.5 td 0.25 deg 0.936” 0.41 0.879”” 2.40
1.00deg 0.958 0.48 0.802 ---
250 td 0.25 deg 0.966 0.09 0.845 ---
1.00deg 0.977 0.00 0.822
1000td 0.25 deg 0.959 0.26 0.849”
1.00deg 0.953 0.39 0.847 1.90
*P < 0.05;**P<0.01.
in Table 3, there was only a strong trend toward
bimodality with the 1.0 deg stimulus for the no back-
ground condition, 0.05< P <0.10. For the other condi-
tions, the results were non-significant.
Background shifts
Hurvich et al. (1968)noted that 50% of their observers
showed a shift greater than 5 nm toward longeror shorter
uniquegreen loci with the additionof a backgroundfield.
The data from this study were similarly analyzed.
Compared to the no background condition, 49-63% of
the observers at both test sizes and across the three
backgroundconditionsshowed a shift greater than 5 nm.
Of those observers, more than half (55–78%) shifted to
longer unique green loci. Observers in Hurvich and
colleagues’ study also showed a tendency to shift to
longer wavelengths rather than to shorter wavelengths.
Test size shifis
Similar to Hurvich and colleagues’ (1968) claim
regarding background intensity, Richards (1966, 1967)
suggested that some obseNers showed a unique green
shift to longerwavelengthswith test stimuli smaller than
0.5 deg. In this study, 39-48’%of the unique green loci
were affectedby a change in test size from 1.0 to 0.25 deg
across all four background conditions. A majority of
those observers (62.5–81%) shifted more than 5 nm to
longer wavelengths.
Gender
Although there is no consensus, some of the previous
studies (e.g., Waaler, 1967a,b; Cobb, 1975) have indi-
cated that the underlying unique green loci distributions
may differ for gender. The data from this study were
reanalyzedto establishif therewere genderdifferencesin
..
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the unique green measurements. Tables 4 and 5 sum-
marize the results.
As Table 4 reveals, the females’ medians were
consistently shorter than their means for all background
and test size conditions,indicatingthat theiruniquegreen
distributions might be skewed in the positive direction
“’’(Hays,1988). This pattern was only observed in the no
background and 62.5 td conditions at both test sizes for
the males. The males’ means and mediansfor the 1.0 deg
test stimulus across all background conditions were
consistently shorter than those for the 0.25 deg test
stimulus.The females, however,did not display a similar
trend. Across all conditions, the males’ means and
medians for unique green were longer than those of the
females. In contrast, except for the no background
condition, the standard deviations of the females were
larger than thoseof the males.The differencebetween the
25% quartile and the 75% quartile was similar for both
males and females when comparing similar test condi-
tions, although the values for the 25% quartile and 75%
quartile were more asymmetric about the median for
females than males. Overall, these measurementssuggest
that the unique green distributionsfor the females may
deviate more from a normal distributionthan those of the
males.
The results of the analyses from Table 5 in general
confirm the findings reported in Table 4. Except for the
0.25 deg test stimulusin the no backgroundcondition,the
distributions from the females are non-normal (W-test)
and skewed ({bl) while those for the males are, in
general, normal and nonskewed.Thus, it appears that the
underlyingfrequency distributionsfor females and males
are differentand that the group frequencydistributionsin
Figs 1–2 represent products of these gender differences
and not an enhancement of gender similarities.
DISCUSSION
Frequency distributions: this study
The distributionsfrom this study revealed a consider-
able range of unique green values among our observers.
Initially, one might speculate that this variability can be
ascribed to the polymorphismof human cone photopig-
ment(s) (Nathans et al., 1986; Neitz & Jacobs, 1986,
1990; Neitz & Neitz, 1995) and systematically studied
using Rayleigh matches (Neitz et aZ., 1993;Winderickx
et al., 1992). Earlier studies showed a correlation
between Rayleigh matches and uniquegreen loci (Linksz
& Waaler, 1968;Waaler, 1967a,b),while later studiesdid
not show a similarorderly relation(Metz & Balliet, 1973;
Jordan & Mellon, 1995). Similarly, an analysis of
Rayleigh matches and unique green loci from the
observersin this studyrevealedno systematiccorrelation.
It, therefore, seems unlikely that photopigment differ-
ences alone,which representshiftsfrom 3 to 6 nm in peak
sensitivity, can account for the large variability seen in
unique green loci across observers.
Likewise, in this study, as the intensity of the
background increased, the variability in unique green
loci also increased.Unlikethe predictionmadeby Ingling
(1977),a gradual transitionfrom a unimodalto a bimodal
distributionwith increasingbackground intensitydid not
occur. The distributionchanges did suggest, though, that
background adaptation affected the neural weighings of
the three cone types in the Y/B opponent system. These
weighings may have been influenced by individual
differences in the cone ratios and the lens and macular
pigment densities.
It was also expected that unique green Iociwould shift
to longer wavelengths with decreasing test size in
approximately half of the observers (Richards, 1967).
As test size decreases in the fovea, the absolute and
relativenumberof S cones decreases(Ahneltet al., 1987;
Curcio et al., 1991).While some observers in this study
showeda shift to longerwavelengthswith decreasingtest
size, indicative of a tritanopic loss, the number was less
than 5090.A similar pattern in unique green shifts with
decreasing test size has been observed with a smaller
number of observers in the Nerger et al. (1995) study.
Lastly, the unique green distributions across gender
were positively skewed. Jordan & Mellon (1995)
suggestedthat this skewness is related to the asymmetry
in hue discrimination functions (Wright, 1947). In
particular, observers are more sensitive to short-wave-
length departures from unique green than to long-
wavelength departures.
Frequency distributions: previous studies
While differencesand similaritiesamongthis and other
studies have been discussed in previous paragraphs and
outlinedin Table 1, the actualdifferencesamong the final
product of these studies, the unique green frequency
distributions,has not been systematicallyaddressed.It is
easy to enumerate the experimentaldesign differences to
explain the differences in the results, but how similar or
dissimilar the distributions are as a result of these
distinctions has not been quantified. Each study has
employed its own analysisof the data, but among studies
there has been no consistencyin the analysesused. Often
the approachis to establishthat the functionis not normal
by some statistical analysis or analyses and then to
conclude that a non-normal distribution is bimodal
because there appears to be a dip. Only recently has the
dip intensity test been introduced to examine if a visible
dip is statistically significantin a frequency distribution
(e.g., Neitz & Jacobs, 1990; Jordan& Mellon, 1995).
Because of the lack of congruencyamong the analyses
utilized in the different unique green studies, the data
from mostof the studieslisted in Table 1were reanalyzed
using the tests specifiedin Tables 3 and 5. [Thedata from
Dimmick & Hubbard (1939)were not analyzed owing to
the small samplesize.] For many studies,tables as well as
the frequency distributionsmade it easy to retrieve the
raw data; however, for some studies data had been
collapsed into bins for frequency distribution plots. In
those cases, the midpoint of the bin was chosen to
represent the unique green locus. For example, if the
midpoint of the bin was 502.5 nm and the bin had a
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TABLE6. Analyses of previous studies
Dip
Study n W-Test ~b, Geary a intensity
Females and Males
Cobb (1975) 407 0.918”” 0.37”” 0.81 2.24”*
Hurvich et al. (1968) 50 0.962
–0.05 0.80
Kalmus & Case (1972) 229 0.945”
–0.82”” 0.78
Richards (1967) 90 0.912”” 0.74”” 0.78
Rubin (1961) 278
3.23**
0.904”” 0.72”” 0.84** 2.11*”
Schefrin & Werner (1990) 50 0.974 0.16 0.82 1.74
Waaler (1967b) 193 0.784” 0.66”$ 0.88”” 4.47”
Females
Cobb (1975) 172 0.909’” 0.59”” 0.81 1.79
Kalmus & Case (1972) 84 0.886**
–1.72** 0.70””
Waaler (1967b)
..-
103 0.863”” 0.97** 0.85**
Males
4.45**
Cobb (1975) 235 0.917” 0.54** 0.81 2.24**
Jordan & Mellon (1995) 97 0.942”” 0.75” 0.78 ---
(0.79)”” (0.79)
Ksdmus& Case (1972) 145 0.953”” 0.07 0.82 1.28
Waaler (1967b) 90 0.682** 0.36 0.94”” 7.11**
*P < 0.05; **P <0.01.
frequency of 14, it was assumed that there were 14
observers with a unique green locus at 502.5 nm.
Although Schefrin & Werner (1990)presented their data
in frequencybins, originaldata from that studywere used
for these analyses. Sample size was computed from the
raw data or unique green frequency distributions.
Table 6 presents the results of these analyses. The
values in parentheses are values reported in Jordan &
Mellon (1995) and computed from their original data.
These vaiues can be compared to the values directly
above which were calculated using the midpoint of
Jordan and Mellon’s frequency distribution.Both sets of
values are very similar to each other and indicate that
using the midpointof the frequency distributiondoes not
artificiallydistort the analyses.
Hurvich et al. (1968) and Schefrin & Werner (1990)
concludedthat their uniquegreen data formed a unimodal
distribution.The results in Table 6 concur and reveal that
the distributionis a normal, Gaussiandistribution.While
the Kalmus & Case (1972) frequency distribution was
unimodal, it was not a normal distributionas evidenced
by a significantW-test.Furthermore,unlike all the other
frequency distributionsin Table 6, data from Kalmus and
Case are negatively skewed ({bl).
Of the studies in the literature that have reported a
bimodal distribution,all showed a significantdip (Rubin,
1961;Richards, 1967;Waaler, 1967b;Cobb, 1975).Two
of these studies,Rubin and Waaler, were also statistically
significantfor the tests on normality (W-test),skewness
({b,), and kurtosis (Geary a); whereas, Richards’ and
Cobb’s data only showed deviations in normality and
skewness,but not kurtosis.
In terms of gender, the group trend from Cobb (1975)
was maintained across the tests for normality, skewness,
and kurtosis;but only the males showed a significantdip.
For the Waaler (1967b) data, the female and group
distributions are positively skewed, but not the male
frequency distribution. Both gender distributions, how-
ever, follow the group trend and show a significantdip.
For the Kalmus & Case (1972) study,both genders show
a deviation from normality, but only the female
distribution shows a negative skewness. Thus, it is the
female data that are contributingto the negativeskewness
in the group distribution.
From these analyses, therefore, the results of the dip
intensitytest concurwith the initialmodalityconclusions
of the experimenters. The additional information ac-
quired, though, is whether the unimodal distributions
were indeed normally distributed and whether both the
unimodal and bimodal distributions displayed some
skewness andlor kurtosis. Different studies show a
different picture.
The group data from this study do not follow the
pattern of previousstudiesreportinga unimodaldistribu-
tion (e.g., Hurvich et al., 1968; Kalmus & Case, 1972;
Schefrin & Werner, 1990). Rather, our data show
deviations from normality similar to that of studies
reporting a bimodal distribution (e.g., Rubin, 1961;
Waaler, 1967b). The results of the analyses for the
female distributions in this study are quite similar to
Cobb(1975)while the resultsfor the male distributionsin
this study do not uniformly fit with any of the previous
studies (e.g., Cobb, 1975; Jordan & Mellon, 1995;
Kalmus & Case, 1972; Waaler, 1967b). These discre-
pancies may be explainedby differences in experimental
stimuli, presence or absence of a background field, and
size and configurationof test stimuli.
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